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Introduction
The Kyoto Protocol sets quantified greenhouse gas emission limitations for developed countries for the period 2008-2012. This period is supposed to be the first in a series of "commitment periods." The protocol places no restrictions on the use of domestic policy instruments and allows developed countries to participate in emission trading. However, rules or procedures for emission trading among the developed-country parties have not yet been agreed upon. Due to this lack of rules, I assume in this paper that there will be no restrictions placed on trade in national quotas between governments in developed countries for the first commitment period under the Kyoto Protocol. 1
In this paper, I examine a government's choice of domestic climate policy for the first commitment period under the Kyoto Protocol. A cost-effective domestic climate policy implies that marginal abatement costs are equalized across all sources of emissions. This is achieved if the government, henceforth referred to as the regulator, ensures that all sources of emissions face the same emission tax. Another alternative is the use of tradable emission permits. 2 Such permits could either be distributed free of charge to emitters or sold/auctioned. Some countries-including Norway, Sweden, Denmark and the Netherlands-have already introduced carbon-taxes in order to reduce their CO 2 emissions. However, the tax systems are far from costeffective, both because the tax rate differs across fuels and sectors and because several sectors are exempted from the carbon tax. Regulators often deviate from a cost-effective tax scheme because they expect such a scheme would reduce the competitiveness of some key industries. Indeed, there is no question that a cost-effective climate policy may lead to shutdown of certain firms with high abatement costs. The possibility of shutdown is higher if a firm competes with firms either from countries that do not have emission targets under the Kyoto Protocol (developing countries) or from other industrialized countries that continue to exempt certain industries from emission taxes. In Norway it is a concern that taxes on greenhouse gas emissions from emission intensive industry will lead to a shut down of several production plant in that industry. The emission intensive industry includes among others manufacturing of metals. This type of industry is often located in rural areas where there are few other employment opportunities for the local labor force. A characteristic of the production process in the manufacturing of metal is that the production capacity is given (in the short run), production involves large fixed cost and unit operating costs are constant. This implies that it is profitable for the firm to either produce at its full capacity or to permanently or temporally close down production.
Although closing down certain polluting firms can be a cost-effective climate policy in a strict economic sense, politicians may regard the negative social costs of closedowns as higher than the economic benefit of implementing a cost-effective climate policy. In this paper, I consider the situation where the production and hence employment, of a specific firm is of importance for social welfare. The relevant production decision for the firm in question is either to produce the capacity level or to shut down production permanently. The regulator wants to secure the survival of the firm due to the employment following from production at the capacity level. Hence, it is not the survival of the firm in itself that is of importance for social welfare, but the corresponding employment it causes when the firm continues production.
Although the firm never finds it optimal to reduce emission through some reduction in output, I consider a situation where the firm can reduce the emission per unit output through investment in abatement technologhy. 3 For this reason, there is a need for policy instruments that can both secure the survival of certain firms and induce the firms to choose the socially optimal abatement level.
I assume in this paper that the regulator wants to both minimize the cost of fulfilling the country's commitments under the Kyoto Protocol and ensure the survival of a specific polluter (firm). 4,5 I examine the situation where the regulator has less information about the firm's abatement cost than the firm itself has. Pollution control under asymmetric information where the regulator seeks to ensure the survival of a firm has been analyzed in Jebjerg and Lando (1997) . They argue that allocating free 3 This is for instance often the situation for manufacturing of aluminium. Profit maximisation implies that the manufacturing firm either produces the capacity output or closes down production. However, emission of the greenhouse gases CF 4 and C 2 F 6 per unit production can be reduced by investing in new technology. 4 Considering a case where the regulator seeks to achieve survival of several firms or a whole industry represented by a single well-informed representative would not alter the conclusion of this paper. This is discussed in the last section. 5 An important concern in the design of international climate agreements with limited participation, such as the Kyoto Protocol, is the "carbon leakage" problem. Reduced emissions from participating countries may to some extent be counteracted by increased emissions from other countries. Several studies have focused on designing climate policy to reduce the carbon-leakage problem. (See for instance Golombek et. al (1995) , Hoel (1996) and Maestad (1998) ). However, the starting point of this study is a single country that seeks to maximize its welfare, given that its commitment under the Kyoto Protocol is fulfilled. The impact on global emissions of its different choice of climate policy is not included in the national welfare function. The rationale for this assumption is that I consider a single country's choice of domestic climate policy instrument. The impact on global emissions through the carbon leakage following from a single country's choice of policy instrument will be small. emission permits to a firm can prevent a firm with high abatement costs from shutting down. In Norway, politicians have suggested that certain industries should receive pollution permits free of charge in order to limit their costs and hence prevent the industry from shutting down production. In In the next section I present the model. In section 3, I derive, as a benchmark, the impact of a costeffective climate policy on the firm's production and abatement decision. The impact on social welfare of the different climate policies designed to prevent shutdown is discussed in section 4.
Concluding remarks are given in the last section.
The model
The model is based on a situation where a large polluting firm is located in a rural area, where there are few other possibilities for employment. The firm considered has a fixed production capacity and constant unit operating costs. The relevant production decision for the firm in question is either to produce the capacity output or to permanently close down production. 6 The regulator wants to secure the survival of the firm due to the employment following from producing the capacity output.
I assume in this paper that the regulator chooses environmental taxes or tradable permits, which are sold by the regulator, as the policy instrument faced by all emitters except the specific firm the regulator wants to ensure the survival of. Furthermore, I assume that the emission tax/domestic tradable permit price equals the international quota price. 7 6 The conclusions of the paper are, however, not affected whether the regulator wants to prevent a temporally or a permanently close down of production. 7 This implies in a tradable permit system that the regulator provides the domestic permit market with sufficient permits to ensure that the permit price equals the international quota price. The tradable permit system and the emission tax system described above will, in the following discussion, be regarded as identical policy
Although the production capacity is fixed, I assume that the firm can reduce the emission per unit output through investment in abatement technology. Let E denote the emission following from producing the capacity output before any abatement takes place. Abatement is denoted by a. Emission, E, is hence given by a E − . The firm's abatement cost function is given by
where β is a cost parameter privately known to the firm. The specification of the firm's abatement cost function considered in this paper is given in section 2.1. Throughout the paper I assume that abatement is observable.
The firm's total cost of the regulator's climate policy is, in addition to the cost connected to abatement, also a function of the possible financial cost associated with the purchase of permits or tax payment and subsidies from the regulator. The financial cost associated with purchase of permits or tax payment is a function of the firm's abatement. This part of the firm's financial cost is denoted S a . A subsidy from the regulator to the firm is denoted S . The subsidy can either be a financial transfer or transfer of permits with a market value. The net financial transfer from the regulator to the firm is
The firm shuts down its production if the expected profit of continued production under the climate policy is less than the profit achieved by shutting down. Let 0 Π denote the profit achieved from production in the first commitment period under the Kyoto Protocol, in the absence of any restrictions on emissions from the firm's production. Furthermore let Ẽ Π denote the expected present-period instruments. The conclusion drawn in this paper about the consequences of the emission tax system will therefore also hold if the regulator chooses the tradable permit system. Furthermore, I have assumed that national quotas are traded between governments and not between firms. However, all conclusions in the paper will also hold if the regulator sells its allotment of quotas and domestic firms are allowed to trade national quotas on the international quota market. 8 If the regulator has chosen to use a tradable permit system, I assume that the firm buys permits directly from the regulator instead of buying permits from other firms. This specification of the model implies that the tradable permit regime and the emission tax regime can be described with identical equations. A tradable permit regime would lead to exactly the same result if I assumed that the firm buys the permit on the permit market since the regulator has to provide the domestic permit market with sufficient permits to ensure that the permit price equals the international quota price t. value of maximum profit achieved in the periods after the first commitment period under the Kyoto Protocol. The present-value expected profit of continued production exclusive of the cost of the climate policy in the first commitment period, denoted by Π , is hence given bỹ
(
The firm's expected profit if it continues production under the climate policy, denoted by Π, is given by
The criterion for continued production is as follows:
Continue production if, and only if,
where a* is the firm's profit-maximizing choice of abatement given continued production under the climate policy set by the regulator, and SD Π is the profit achieved if the firm shuts down. The criterion for continued production (eq. (5)) will be referred to as the individual rationality (IR) constraint.
The social welfare function if the firm continues production is
The regulator knows that if the firm chooses to continue production it is profitable to produce the capacity output. V is the welfare associated with employment following from continued production in the first commitment period. The variable V is zero if the firm closes down, and it has a positive value if the firm continues production. The value of V is assumed to be sufficiently large to ensure that the regulator wants the firm to continue production for all outcomes of the abatement-cost functions examined. I assume that the regulator wants to secure survival of the specific firm only in the first commitment period under the Kyoto Protocol. There are two arguments for this assumption. First, if the firm's production is important to social welfare because of the lack of other employment opportunities in the area where the firm's production plant is located, the social cost of a shutdown may substantially decrease if the local community has sufficient time to adjust to the expected decrease in employment. Second, harmonization of policy instruments across countries may imply, over time, that competing producers face the same emission tax/tradable permit price. Due to increased production cost for a large number of producers, the price of the product the firm produces may increase sufficiently to ensure a non-negative profit, even if the firm faces the same emission tax as the rest of the economy. Thus, the regulator may not have to take explicitly into account survival of the firm when designing its climate policy in future periods.
Emissions from the firm has to be met by a corresponding purchase of quotas (or reduced sale of quotas) on the international quota market at a quota price equal to t. The total financial public cost of ensuring survival of the firm is hence equal to (
E t S ⋅ +
). The shadow cost of public funds is denoted by λ. Because of pre-existing distortionary taxes, the value of λ is greater than zero.
It follows from (4) that the social welfare function (6) can be written as
It can be seen from (7) that social welfare decreases in Π (for a given Π ).
As pointed out in the introduction, I presume a certain specification of the firm's abatement cost. The abatement-cost function considered is described below.
Specification of the firm's abatement costs
This discussion looks at a firm for which abatement, a, occurs as a result of investments in "cleaner" production technologies. The number of investment possibilities is limited to two projects, denoted as where k is a cost parameter which is public knowledge and β is the cost parameter which is known privately to the firm. This implies that the cost per unit abatement is lower for the a I units of abatement achieved through the implementation of the K I project than for the additional a II units of abatement achieved through the K II project, for the same outcome of the cost parameter β.
The firm has two options for abatement: implement both of the investment projects or implement only the investment project K I . I will in the following refer to the abatement following from implementing only K I as the low-abatement alternative, denoted by a L , while implementing both investment projects is referred to as the high-abatement alternative, denoted by a H . This leads to the following abatement costs:
I consider the situation where β belongs to the two-point support {β 1 , β 2 }, where β 1 < β 2 . If β is equal to β 1 , I refer to the agent as a β 1 -type, and refer to the agent as a β 2 -type if β is equal to β 2 . Let p denote the regulator's subjective probability for β = β 1 .
The impact of assuming discontinuity in the distribution of β is discussed in the last section. The justification for this assumption is that I consider a firm where abatement occurs as a result of investment in new technology. It is reasonable to assume that the existing production technology has an impact on the firm's cost of installing and utilizing the new investment in abatement technology. If it is difficult for the regulator to observe the existing production technology, the abatement-cost function specified above can be a reasonable description of the situation.
I examine a situation where
This implies that the unit cost of abatement is lower than the tax rate t for both outcomes of β for the investment project K I . The unit cost of abatement resulting from the investment project K II is lower than the tax rate for the β 1 -type, but higher than the tax rate for the β 2 -type.
3
The firm's adaptation to a cost-effective climate policy In this section I derive the firm's decision of whether to continue production and the subsequent choice of abatement given that the firm faces the same emission tax as the rest of the economy. The net financial transfer from the regulator to the firm under an emission tax regime (S t ) is given by
where E is the emission level before any abatement has taken place and t is the emission tax set equal to the international quota price.
The firm's profit maximizing behavior implies that it will either close down or produce the capacity output. Substituting S t (a) for S in (4) leads to the following profit maximizing problem for the firm if it finds it profitable to continue production:
It follows from (9) and (10) that Π(β 1 ,a H ) > Π(β 1 ,a L ) and Π(β 2 ,a H )< Π(β 2 ,a L ).
Let a *t (β) denote the firm's optimal choice of abatement as a function of the firm's abatement-cost parameter β given that the firm continues production. The function a *t (β) is hence given by Equation (13) implies that C( a *t (β),β)) < t· a *t (β) . Recall that t is emission tax faced by the rest of the economy. Profit maximization in the rest of the economy implies that domestic marginal abatement cost equals t, which is equal to the cost of buying quotas at the international quota market. Hence, if the firm in question faces the same emission tax as the rest of the economy and continues production, the firm implements the abatement level for which the cost is less than the abatement-cost in the rest of the economy. Hence, a *t (β) is the cost-effective abatement level given that the firm continues production.
The firm continues production if (5) is satisfied for a* = a *t (β).
I assume that the production capital is a sunk cost, so that the profit achieved by closing down the firm's production under an emission tax regime is zero ( SD Π = 0). The situation where a costeffective climate policy induces the firm to shut down production is characterized by
Obviously, closing down non-profitable emission-generating production is a cost-effective climate policy. However, the topic of this paper is the choice of climate policy instrument when the regulator attempts to prevent a shutdown that would occur should the firm face the same climate policy instrument as the rest of the economy. Hence, I look at a situation where (14) is satisfied.
In the remaining discussion, I refer to a *t (β) as the "second-best cost-effective abatement level," since a *t (β) is the cost-effective abatement level given that shutdown is prevented.
4
Policies designed to prevent shutdowns
In the following discussion, I will consider different policies designed to prevent a firm from closing down production. As mentioned in the introduction, I consider four different policy alternatives:
tradable permits with an initial amount of free permits distributed to the firm, emission tax with a fixed production subsidy, a voluntary agreement designed as an abatement target, and a voluntary agreement designed as a menu of abatement contracts.
Distributing free tradable permits
As mentioned in the introduction, distributing free tradable permits to the firm that the regulator wants to secure the survival of has been suggested as a policy to prevent shutdowns. A prerequisite for a tradable permit market is that also firms other than the specific firm the regulator wants to survive hold tradable permits. Hence, I assume that the regulator has chosen a tradable permit regime for the rest of the economy if it chooses to distribute free tradable permits to the firm at the beginning of the period. Let Q denote the level of emission allowed by the permits distributed free of charge to the firm. Emissions above/below Q are met by a corresponding purchase/sale of tradable permits from/to the regulator. The net financial transfer from the regulator to the firm associated with this policy, denoted by S P , is given by
Substituting S P for S in (4) leads to the following profit-maximizing problem for the firm if it continues production:
Let a *P (β) denote the solution to (16). Since ( Q t ⋅ ) is a constant and hence independent of a, this maximization problem will lead to the same optimal abatement level as the optimal abatement level following from the emission tax system described in section 3, if the firm continues production.
Hence, a *P (β), equals a *t (β), as given by eq. (13). The firm's cost of the climate policy will, however, be ( Q t ⋅ ) less than in the tax system. But this will not alter the firm's decision regarding whether or not to close down. Since the permits are tradable, the firm sells its allotment of permits if it shuts down. The profit of closing down (Π CD ) thus increases with ( Q t ⋅ ) relative to the tax system. The criterion for continued production is thus to continue if, and only if,
Both the right-hand side and the left-hand side of (17) increase by ( Q t ⋅ ) relative to the production criterion (IR-constraint) given by (5) under the emission tax regime. Distributing tradable permits free of charge does therefore not prevent a profit-maximizing firm from shutting down production should such a move prove to be profitable under the tax regime discussed in section 3. 9 This conclusion corresponds to the conclusion drawn by Frech (1973) . He argues that the property right to a polluted basin is a valuable asset with a definite market value. When the rent of this valuable asset is properly included in the cost of the industry holding the right, resource allocation is unaffected whether the property rights are assigned to the recipients, to the polluters, or to a third party who rents the assets.
The initial assignment of the rights concerned does affect the distribution of wealth as a purely windfall gain or loss.
A firm that intends to shut down will sell its allotment of permits. Thus, the regulator cannot prevent the firm from earning ( Q t ⋅ ) from a closedown if the permits are fully tradable and distributed to the firm before the regulator observes whether the firm closes down or not. Jebjerg and Lando (1997) argue (in section 4) that shutdowns can be prevented by distributing a sufficient amount of tradable permits. However, that conclusion follows from their assumption that if a firm's utility resulting from continued production falls below a specific level then it will close down production. That specific utility level is, in their model, unaffected by the amount of free permits. However, as argued above, if the permits are tradable, the utility (profit) resulting from closure increases by the value of the free permits (Π CD increases by ( Q t ⋅ )). The minimum utility level demanded by the firm for continuing production should therefore increase correspondingly.
It is important to note that in this section I have considered a situation where the permits are allocated to the firms unconditionally. That is, the firm receives all the permits at the beginning of the period, before the regulator observes their production decision. Distributing free permits can prevent shutdowns if the free tradable permits are distributed contingent on continuation of production. The permits could for instance be distributed periodically as long as the firm is in operation Another alternative is to distribute the free permits at the end of the period if the firm has been in operation during the period. In that case, distributing free permits will lead to the same outcome as the use of a production subsidy discussed in the next section. 9 It is important to note that I assume that expected profit in future periods is identical under the two systems. If the firm anticipates that free emission permits in the first commitment period also implies free permits in future periods if the firm continues production, then the expected future profits would differ between the two systems. Free tradable permits would then reduce the possibility of a shutdown relative to the emission tax system.
Preventing shutdown through the use of a production subsidy in combination with an emission tax regime
A production subsidy can easily be made contingent on continued production. The production subsidy can be paid to the firm at the end of the period or be designed as an annual payment when the regulator observes that the firm actually continues its production. Hence if the firm chooses to shut down production, the financial transfer is zero and thereby the profit achieved by shutting down would be zero.
The net financial transfer from the regulator to the firm in question, denoted by S S , is given by
where FS S is a fixed subsidy paid to the firm contingent on continued production.
Substituting S S for S in (4) leads to the following profit-maximizing problem for the firm if it continues production:
Let a *S (β) denote the solution to (19) . Since FS S is a constant and hence independent of a, this maximization problem will lead to the same optimal abatement level as the optimal abatement level resulting from the emission tax system described in section 3, given that the firm continues production. Hence, a *S (β), equals a *t (β), as given by eq.(13). The firm's cost of the climate policy will, however, be FS S less than in the tax system described in section 3.
If β =β 2 , the firm purchases permits for the amount ) a E ( t L − ⋅ , whereas the firm purchases permits for the amount
It follows from the IR constraint defined by (5), when a* = a *S β), that the FS S which ensures survival of the firm is a function β, and is given by
If β were common knowledge, then the IR constraints would be binding for both outcomes of β since profit left to the firm is costly for the regulator. This implies that (20) is satisfied with equality.
Consequently, the regulator could ensure, through the use of an emission tax in combination with a fixed production subsidy, that the firm continues production, carries out the abatement level a *t (β), which is the "second-best" cost-effective abatement level, and leaves the firm with zero profit.
However, since β is assumed to be private knowledge to the firm, the regulator must ensure that FS S is sufficiently large to ensure that the IR constraint is satisfied for both outcomes of β.
It follows from (9) that the IR constraint, (5), for the β 2 -type, for a* = a *S (β), is satisfied with equality
Let Π Sβ1 and Π Sβ2 denote the profit achieved by the β 1 -type and the β 2 -type, respectively, when S is given by (18), a equals a *S (β), and FS S is given by (21). It follows from (4), (9) and (10) Asymmetric information forces the regulator to leave the β 1 -type with a positive profit, henceforth referred to as an informational rent. 10
In the following sections I compare the different climate policies with the outcome of the "emissiontax-with-a-fixed-production-subsidy" system described in this section. For that purpose I denote the expected social welfare following from the system described in this section EW S . Recall that p is the regulator's subjective probability for β = β 1 . It follows from (7), (9), (13) and (22) 
The expected social welfare EW S equals the expected social welfare of abatement less of the expected abatement cost and informational rent following from a production subsidy in combination with the emission tax regime.
It should be noted that the climate policy described in this section corresponds to a system with tradable permits where the firm received free tradable permits contingent on production. The value of the emission allowed by the permits ( Q t ⋅ ) would equal the production subsidy given by (21).
Voluntary agreements
Another policy instrument which can be used to prevent a shutdown is so-called ''voluntary agreements'' (VAs). VAs are not always truly voluntary. The regulator may for instance induce participation by threatening a harsher outcome. I assume in this paper that if the firm does not accept the "voluntary agreement" it will face the same emission tax/tradable permit regime as the rest of the economy. Furthermore, I assume that the regulator has all the bargaining power in the sense that they offer a take-it-or-leave-it agreement to the firm. 11 However, the regulator knows that if the firm does not accept the VA, it implies that it will find it more profitable to close down production, than to pay an emission tax. The firm's reliable threat of shutting down production if the voluntary agreement is too harsh sets restrictions on the "take-it-or-leave-it-offer". I consider two kinds of voluntary agreements. In section 4.3.1 I examine an agreement designed as a target for abatement, set by the regulator, in combination with a financial transfer. In section 4.3.2 I discuss the welfare effect of designing a voluntary agreement as a menu of abatement contracts where the firm can choose among the different contracts.
Voluntary agreement designed as an abatement target plus a financial transfer
A voluntary agreement can specify a fixed target for abatement in combination with a fixed financial transfer. Given that abatement follows from investment in abatement technology as described in section 2.1, the regulator can set either a high or a low abatement target. In order to ensure that the firm does not shut down, the individual rationality constraint, given by (5), has to be satisfied. Let 10 It follows from the fact that Π Sβ1 >0, that the IR constraint for the β 1 -type is satisfied for FS S given by (21). 11 Sergerson and Miceli (1998) analyse, among other things, how the agent's bargaining power influences the environmental impact of voluntary environmental agreement. S VA (a) denote the financial transfer specified in the agreement as a function of the target level for abatement set by the regulator. Since the β 1 -type of firm has lower abatement costs for both abatement levels than the β 2 -type, the IR constraint for the β 1 -type will be satisfied if the IR constraint for the β 2type is satisfied. Since profit left to the firm is costly to the regulator, the IR constraint for the β 2 -type is binding in the optimal contract. The financial transfer that ensures that (5) is satisfied with equality for the β 2 -type is given by
Substituting, S VA (a) for S in (4), gives the following profits depending on type and abatement targets:
The regulator's optimization problem is
subject to (25).
Whether a L or a H is the solution to (26) depends on the probability distribution for β and the informational rent following from the difference between β 1 and β 2 .
Let EW FA (a L ) and EW FA (a H ) denote the expected welfare resulting from abatement targets a L and a H , respectively.
Inserting from the cost functions, given by (9), I find that
Recall that the difference in abatement between the a L and a H targets is a II . The first term of (27) is the expected difference in social welfare resulting from the expected difference in informational rent between the a L and a H abatement targets. The second term of (27) is the expected difference in social welfare resulting from the difference in social benefit of abatement less the expected abatement cost, between the a L and a H abatement targets. The first term of (27) is positive and increases as the difference between β 1 and β 2 increases, while the second term can be positive or negative depending on the probability distribution.
Comparing the expected welfare of an emission tax regime with a production subsidy described in section 4.2 and the voluntary agreement described in this section gives the following differences in expected social welfare:
When the regulator sets a single target for abatement, one of the β−types' abatement will differ from the "second-best cost-effective abatement level." If the regulator chooses a L as the abatement target, the informational rent to the β 1 -type is less than that under an emission tax in combination with a production subsidy. However, the increase in expected social welfare resulting from the decrease in the expected informational rent is less than the expected decrease in social welfare following from the fact that the β 1 -type's abatement deviates from the "second-best cost-effective abatement level." If the regulator chooses a H as the abatement target, the informational rent to the β 1 -type is higher than under an emission tax in combination with a production subsidy. Furthermore, the β 2 -type's abatement will differ from the "second-best cost-effective abatement level." This leads to the following conclusion:
Emission tax in combination with a fixed production subsidy leads to higher social welfare under asymmetric information than a voluntary agreement designed as a single target for abatement in combination with a fixed transfer.
Voluntary agreements designed as a menu of abatement contracts
I will now consider an alternative voluntary agreement design. In this scenario, the firm would be allowed to choose between two different combinations of financial transfer (S C ) and abatement level (a C ). 12 One of the contracts is designed for the β 1 -type and the other contract is designed for the β 2type. Let {S C (β 1 ), a C (β 1 )} denote the combination of financial transfer and abatement level in the contract designed for the β 1 -type, and let {S C (β 2 ), a C (β 2 ) } denote the combination of financial transfer and abatement level in the contract designed for the β 2 -type. Applying the Revelation Principle established in Dasgupta et al. (1979) and Myerson (1979) , I can restrict the attention to incentivecompatible contracts. The incentive compatibility (IC) constraint makes certain that the contract designed for a given β -type is the preferred contract for that β -type. The IC constraints for the β 1type and β 2 -type amount to, respectively:
2) denote the profit achieved by the β i -type if it chooses the contract design for its type. The individual rationality (IR) constraints for the β 1 -type and β 2 -type when they select the contract designed for them of amount to, respectively:
I assume that if the firm is indifferent to the two contracts, it chooses the contract designed for its type.
It follows from the abatement-cost function (9) and the fact that (β 2β 1 ) >0, that the β 1 -type has a lower cost than the β 2 -type for both levels of abatement. This implies that (31) is satisfied if (29) and (32) are satisfied. I can hence ignore (31) in the regulator's optimization problem. I furthermore temporarily neglect (30) in the regulator's regulation optimization problem and later check that the solution to the minimization problem under (29) and (32) satisfies (30). Since profit left to the firm is costly to the regulator, the constraints (29) and (32) will be binding at the optimum, which implies that
I assume that it is beneficial for the regulator to induce abatement for both outcomes of β. The implication of this assumption is discussed in footnote number 14.
The regulator-optimization problem is
subject to (33).
Let a C * (β 1 ) and a C * (β 2 ) denote the solution to (34). It follows from (9), (10), and (33) that a C * (β 1 ) and a C * (β 2 ) are given by a H and a L respectively. 13 This is identical to the abatement resulting from the emission tax regime with a production subsidy (a *S (β)). I have assumed that it is beneficial for the regulator to induce abatement for both outcomes of β. 14 The regulator does therefore not decrease the informational rent given to the β 1 -type by requiring the β 2 -type to achieve a lower level of abatement than a L . (The quantity a L is the lowest abatement level possible if investment in abatement technology is to be implemented). Hence, the usual optimal tradeoff between cost-effectiveness and informational rent in the design of contracts under asymmetric information does not occur for the specific abatement-cost function considered in this paper.
The abatement level a C * (β 1 ) equals a H because that is the abatement level that maximizes the social benefit of abatement less the abatement cost for the β 1 -type, and a C (β 1 ) does not influence the informational rent. Let Π C* (β 1 ) and Π C* (β 2 ) denote the profit achieved by the β 1 -type and the β 2 -type, respectively, through the use of optimal abatement contracts. It follows from (9) and (33), since a C * (β 2 ) equals a L , that the optimal contract design leads to the following profits:
Comparing the emission tax system described in section 4.2 with the abatement contracts described in this section, one can see that the expected welfare resulting from the use of contracts, denoted by EW C , is higher than the expected welfare resulting from the use of an emission tax in combination with a production subsidy.
The difference in expected welfare ( EW ∆ ) between the two systems is given by
This leads to the conclusion that a so-called voluntary agreement designed as a menu of truthinducing contracts is superior to the use of market-based instruments when the regulator aims to ensure the survival of a firm under asymmetric information. The regulator's cost in terms of expected informational rent is less when the regulator forces the firm to choose between contracts than it is under an emission tax regime.
The reason for this is that if the regulator chooses an emission tax she can predict the level of emissions of the different types. If the regulator wanted to she could then fix these quantities in the menu, and the menu then furthermore gives her the possibility to vary the subsidy between the types.
The regulator has more degrees of freedom and is hence better off.
Concluding remarks
This paper aims to compare the welfare effect of different domestic climate policy instruments under asymmetric information when the regulator seeks to secure the survival of a specific firm. I have demonstrated that distribution of tradable permits does not reduce the possibility of a shutdown if the permits are distributed unconditionally.
To prevent shutdown under a tradable permit/emission tax regime, the firm can be given a production subsidy or the distribution of free permits can be made contingent on production. An alternative policy is to use voluntary agreements. I have shown that a voluntary agreement that specifies a fixed abatement target is welfare inferior to a tradable permit/emission tax regime in combination with a production subsidy. A voluntary agreement designed as a menu of abatement contracts, on the other hand, leads to higher expected welfare under asymmetric information than a tradable permit/emission tax regime with a production subsidy.
The abatement levels specified in the abatement contracts can be perceived as non-tradable permits.
An argument for the use of emission taxes is that the firm internalizes the social cost of emissions and hence chooses the cost-effective abatement level. This system ensures that, even though the regulator does not know anything about the firm's abatement cost, the firm will choose a cost-effective abatement level. However, cost-effective abatement may imply that the firm shuts down its production. When the regulator seeks to ensure survival of the firm, the asymmetry of information about the firm's abatement cost is costly for the regulator. In such a case, the regulator increases social welfare by forcing the firm to choose ex ante between different contracts specifying different combinations of abatement levels and financial transfers, rather than giving the firm a fixed financial transfer and leaving the firm to choose its abatement level.
It is well known from the literature on asymmetric information that it is generally optimal for the regulator to design contracts that trade off efficiency for informational rent. (See inter alia Kreps (1990) , Rasmussen (1989) and Laffont and Tirole(1993) ). Such a tradeoff is not possible under an emission tax regime with a fixed financial transfer. In this paper I have examined a specific abatement-cost function where the cost parameter can take one of two values and where there are two possible levels for abatement. This specification of the abatement-cost function implies that it is not optimal for the regulator to trade off cost-effectiveness for informational rent in the design of optimal abatement contracts. Hence, the paper shows that voluntary agreements may increase welfare compared to a tax regime even though the two different policies lead to the same expected abatement level -which is cost-effective given that the firm continues production. If the abatement-cost function were a continuously differentiable function of abatement (or if there were two possible abatement levels, but the cost parameter were continuously distributed over a given interval), the regulator would trade off efficiency for informational rent in the optimal design of abatement contracts. And as shown in Jebjerg and Lando (1997) , the possibility for this tradeoff increases the social welfare resulting from optimal abatement contracts relative to the use of market-based instruments in combination with a fixed transfer.
I have considered the situation where a regulator seeks to ensure the survival of a specific firm.
However, as noted in the introduction, the regulator may want to secure survival of an entire industry comprising a number of firms. The conclusion drawn in this paper nevertheless remains the same given that a) the regulator designs climate policies for each specific firm it wants to ensure survival of, or b) the regulator designs a climate policy for the entire industry and that industry is represented by a single well-informed representative who maximizes the industry's total profit. In the latter case, the abatement refers to the entire industry's abatement and the abatement-cost function used in this paper represents the entire industry's abatement cost.
